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Abstract Thousands of loci that contribute to quantita-

tive traits in outbred crosses of mice have been reported

over the last two decades. In this review we discuss how

outbred mouse populations can be used to map and identify

the genes and sequence variants that give rise to quantita-

tive variation. We discuss heterogeneous stocks, the

diversity outbred, and commercially available outbred

populations of mice. All of these populations are descended

from a small number of progenitor strains. The availability

of the complete sequence of laboratory strains means that

in many cases it will be possible to reconstruct the genomes

of the outbred animals so that in a genetic association study

we can detect the effect of all variants, a situation that has

so far eluded studies in completely outbred populations.

These resources constitute a major advance and make it

possible to progress from a quantitative trait locus to a gene

at an unprecedented speed.

Introduction

In this review we discuss the use of outbred mice to map

the genetic basis of complex traits and consider how recent

advances in full-genome sequencing technologies have

aided this endeavour. Most of our examples are drawn from

heterogeneous stocks (HS) (Talbot et al. 1999; Valdar et al.

2006) and commercial outbreds (CO) (Yalcin et al. 2010),

but there are new resources [such as the diversity outbred

(DO) (Svenson et al. 2012)] that are likely to make an

impact. We start though by considering in general terms

why mapping in an outbred population is useful.

Many mouse geneticists, used to the availability of inbred

strains and the ability they present to exclude genetic variation

from their experiments, shrink from the mention of using an

outbred. A 2005 review of the origins and uses of outbreds

concluded that ‘‘we think that most papers that are currently

published on the back of outbred stocks should be using inbred

lines and any experimental plans, including grant applications

and papers, based on outbred stocks need to be fully justified to

avoid wasting animals and funding’’ (Chia et al. 2005). Nev-

ertheless, it is also clear that in many ways inbred animals are

unusual: they are less vigorous than outbreds and they lack the

buffering effects of heterozygosity so that they suffer the

consequences of recessive alleles.

The geneticist’s justification for the use of outbred

stocks is that they solve a problem frequently met by those

trying to map complex traits. Complex traits are those that

arise from a combination of genetic and environmental

effects. In this sense, most common diseases and quanti-

tative traits of biomedical interest qualify as complex

phenotypes. Attempts to identify the causative genetic

variants often assume that starting from mapping a locus,

using, for example, a cross between two inbred strains,

variants can then be isolated on a homogeneous genetic

background through the creation of congenics (Flint et al.

2005; Flint 2010). Variants are considered to act as Men-

delian alleles of small effect, or low penetrance. While

indeed there are examples where this approach has worked,
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they are far outnumbered by those where it has not worked.

There are two reasons why this is so.

The first is that mapping using standard resources rarely

gives gene-level resolution. This is particularly true of

crosses between inbred strains where a locus that contrib-

utes to variation in a quantitative trait (a quantitative trait

locus or QTL) is typically mapped to a region of about half

a chromosome. Poor mapping resolution by itself need not

vitiate the use of a congenic strategy. The problem is that

poor resolution conflates the signal from a number of

small-effect neighbouring loci into one locus; a number of

independent small effects acting in the same direction are

then misinterpreted as one large signal, and small effects

acting in opposite directions cancel each other out, so that

the locus is missed. The true situation emerges only with

higher-resolution mapping so that congenic experiments,

planned on the basis of the low-resolution mapping, are

frustrated. There are a large number of examples of this,

including QTLs influencing seizures (Legare et al. 2000),

obesity (Stylianou et al. 2004), growth (Christians and

Keightley 2004), blood pressure (Ariyarajah et al. 2004;

Alemayehu et al. 2002; Garrett and Rapp 2002a, b; Frantz

et al. 2001), diabetes (Podolin et al. 1998), antibody pro-

duction (Puel et al. 1998), and infection (Bihl et al. 1999).

One caveat that should be mentioned here is the possible

presence of strain-specific hotspots (cluster of narrow

regions) of recombination which may limit mapping reso-

lution. The genomes of outbreds derived from a small set

of progenitor strains may possess a particularly nonrandom

distribution of hotspots. For instance, variation in Prdm9

(PR domain zinc finger protein 9) is known to affect

recombination activity in primates and mice (Baudat et al.

2010; Myers et al. 2010), and five alleles differing in the

number of zinc finger repeats were found in 20 mouse

strains (Parvanov et al. 2010). These differences may

reflect differences in hotspot distribution (Brunschwig et al.

2012) in some regions of the genome.

The second reason is the frequent finding that the effect

of a locus will depend on its genetic background. For

example, in disease models a susceptibility locus may

become a resistance locus and vice versa. Thus, when a

locus found in a mapping experiment is placed on a dif-

ferent genetic background (e.g., during the construction of

a congenic), its effect may increase, decrease, reverse in

direction, or even disappear completely.

The use of outbreds can deal with both problems. First,

they have accumulated numerous recombinations so that

the correlation between genotypes [as measured by linkage

disequilibrium (LD)] is typically much lower than that in

many other mapping resources. This means that the cor-

relation between the causative variant and markers

decreases sharply with increasing distance thereby pro-

viding high-resolution mapping. Second, in an outbred the

effects of genetic background are diminished. Because

there are so many loci segregating, some of which increase

and some of which decrease the phenotype, the joint effect

will tend towards zero. By contrast, in a single genetic

background, as happens when a locus is isolated on one

strain, there is more chance that the effect of single or a few

alleles will be manifest.

The mouse has three key features enabling investigators

to map quantitative trait or disease-related genes. The first

is the large number (hundreds) of well-characterized inbred

strains of laboratory mice. The second is the large amount

of phenotypic diversity among these strains, including

behavioural and physiological differences. The Mouse

Phenome Project (Bogue and Grubb 2004; Paigen and

Eppig 2000) aims at collecting phenotypic data on inbred

strains of mice (http://www.jax.org/phenome/) (Bogue

et al. 2007; Grubb et al. 2009; Maddatu et al. 2012). To

date, 1,804 phenotypic measurements have been collected

in over 100 inbred mouse strains. The third key feature for

mapping genes in the mouse is the development of com-

plete catalogues of genomic variation maps between inbred

strains of mice (Wade and Daly 2005) (reviewed in (Yalcin

et al. 2012)). Several maps of single-nucleotide polymor-

phisms (SNPs) had been reported using array-based tech-

nologies, including a map with 0.55 million (M) SNPs [the

Mouse Diversity array (Yang et al. 2009)] in 100 classical

strains and 62 wild-derived laboratory strains (Yang et al.

2011), a map with 0.12 M SNPs in 94 inbred mouse strains

(Kirby et al. 2010), and one with 8.3 M SNPs in 15 inbred

strains (Frazer et al. 2007). Remarkably, the use of next-

generation sequencing technologies allowed the identifi-

cation of almost ten times more sequence variants in 17

genomes, including 56.7 M unique SNPs, 8.8 M short

Box 1 Online resources for genetic studies using outbred crosses of mice

Resource Web URL

Northport heterogeneous stock (HS) http://gscan.well.ox.ac.uk

Commercially available outbreds (CO) http://www.well.ox.ac.uk/flint-old/outbreds.shtml

QTL mapping using HS mice http://gscan.well.ox.ac.uk/gsBleadingEdge/wwwqtl.cgi

QTL mapping using CO mice http://www.well.ox.ac.uk/flint-old/outbreds/QTL.MAPPING

Full-genome sequencing of CO mice http://mus.well.ox.ac.uk/mus/outbred
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indels (\100 bp), and 0.28 M structural variants (Keane

et al. 2011).

We describe below three outbred mouse resources for

genetic mapping: heterogeneous stocks (HS) (Talbot et al.

1999; Valdar et al. 2006), the mouse diversity outbred

(DO) population (Svenson et al. 2012), and commercial

outbreds (CO) (Yalcin et al. 2010). All three exploit the

accumulation of historical recombination to provide

increased mapping resolution. Combined with full-genome

sequences (Keane et al. 2011; Yalcin et al. 2011), these

strategies allow progress from a QTL to a gene at an

unprecedented speed (Box 1).

Association studies using heterogeneous stocks (HS)

Heterogeneous stocks are derived from inbred strains.

After many generations of pseudorandom breeding, suffi-

cient recombinants are introduced to enable high-resolution

mapping. Chromosomes in HS animals are a random

mosaic of the eight founders (Fig. 1a). Mice are unique and

genetically heterogeneous, as illustrated in Fig. 1b with HS

mice that have a different coat colour. Two HS have been

used for mouse mapping experiments: the older of the two

(Boulder HS) has been breeding for more than 60 gener-

ations and is derived from the following eight strains: A/J,

AKR/J, BALB/cJ, C3H/HeJ, C57BL/6J, DBA/2J, I/LnJ,

and RIII/DmMobJ (McClearn et al. 1970). The second

heterogeneous stock (Northport HS) (Demarest et al. 2001)

is derived from A/J, AKR/J, BALB/cJ, C3H/HeJ, C57BL/6J,

CBA/J, DBA/2J, and LP/J strains.

Most alleles segregating in a HS are those present in the

progenitors (there will be relatively few new mutations

accumulating over time). This has a number of conse-

quences. Perhaps, most importantly, it means that the

derivation of sequence in a HS animal can be traced back

to its progenitors so that the mosaic structure of each

chromosome can be reconstructed using probabilistic

ancestral haplotype reconstruction, with a sufficiently

dense set of markers (Mott et al. 2000). Typically for a HS

that has been through more than 50 generations of breed-

ing, this requires approximately 10,000 markers, far fewer

than is needed to capture common variation in a fully

outbred population like our own. It also means that there

will be far fewer variants with minor allele frequency

(MAF) less than 5 % than in a fully outbred population.

When a HS is first created, the rarest allele will have a

frequency of 12.5 % (1/8), and although drift will drive

some alleles lower, the breeding schedule is designed to

maintain allele frequencies as high as possible. If the HS

was maintained as a large randomly breeding population,

the expected time to loss of an allele with an initial fre-

quency of 12.5 % is about 450 generations, and under

breeding regimes that maintain heterozygosity, the time to

fixation will be even longer. Thus, genetic analysis of a HS

is an analysis of the effects of common variants.

However, analysis of outbred populations of mice such

as the HS is complicated, some might say to such a degree

that it undermines its value for genetic mapping by the

presence of population structure. Unlike a fully outbred

population consisting of unrelated individuals, HS animals

are related to each other to differing degrees, so that some

could be as close as first cousins and others much more

distantly removed. Simple association mapping will gen-

erate false positives if structure is ignored: long-range

correlations between genetic markers occur. In fact, it is

sometimes possible to predict the genotype of a marker on

one chromosome by the genotype on another. These long-

range correlations might be due to partial fixation of pairs

of haplotype blocks within subsets of the population, or

they might be an indication that the breeding history of the

population was not optimal. There are ways to deal with

population structure in a HS, e.g., using mixed-model

Fig. 1 The Northport heterogeneous stock (HS). a Strategy to make

the experimental cross. b Photo of four HS mice
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association (Kang et al. 2008) or model-averaging

approaches (Valdar et al. 2009), but to maximize power it

is better to carry out association in the absence of popu-

lation structure.

A large number of QTLs have now been mapped in HS

populations (Talbot et al. 1999, 2003; Valdar et al. 2006;

Hitzemann et al. 2002; Yalcin et al. 2004). In one study of

over 100 phenotypes, 843 QTLs were identified in a pop-

ulation of over 2,000 mice (Valdar et al. 2006). The

average mapping resolution is about 3 megabases (Mbp),

providing approximately 30 candidate genes per locus.

This is a good starting point for further studies, and in one

instance it has led to the identification of a quantitative trait

gene involved in behaviour: Rgs2, a regulator of G-protein

signalling. Rgs2 was shown by quantitative complemen-

tation to be involved in modulating anxious behaviour

(Yalcin et al. 2004). However, HS do not deliver gene-level

resolution.

The diversity outbred (DO)

The diversity outbred (Svenson et al. 2012) [reviewed in

(Churchill et al. 2012)] is a newly developed mouse pop-

ulation derived from progenitor lines of the Collaborative

Cross (Chesler et al. 2008) [reviewed in (Welsh et al.

2012)], itself derived from eight inbred strains carefully

chosen to obtain high levels of genetic diversity (Roberts

et al. 2007). The DO is designed to provide high-resolution

mapping. As with other outbred populations, each animal is

genetically unique, but the DO has the advantage in that

segregating allelic variants are present in the recombinant

inbred strains of the Collaborative Cross, providing

opportunities for replication and for additional experi-

mental designs that are available to other resources. Oppor-

tunities afforded by the dual nature of CC and DO have yet

to be fully explored.

Initial data from the DO show that it does have the

expected properties of high-resolution mapping and high

genetic diversity (Svenson et al. 2012). At generations 4

and 5 the distance between recombination events was 5.9

and 5.6 cM, respectively, and the number of informative

recombination events per animal is expected to increase by

about 28 per generation. Heterozygosity, assessed by a

mouse SNP chip designed for experiments using CC mice

(thus avoiding biases in SNP selection), was about 40 %.

How does the DO perform in mapping studies? Using

about 100 animals, it was possible to identify significant

QTLs for 11 phenotypes, with confidence intervals under 3

Mbp (Svenson et al. 2012). Later generations should deli-

ver much higher resolution.

The DO is currently uniformly structured and is main-

tained from 175 breeding pairs (in comparison, HS are

maintained with about 40 breeding pairs). Each subsequent

generation is created by selecting two offspring, one female

and one male, at random. However, as in the HS, DO

animals will be related to each other by different degrees so

that, again, genetic mapping needs to take into account

genetic relatedness.

Commercial outbreds (CO)

Mouse vendors such as Harlan Sprague Dawley (Hsd),

Charles River Laboratories (Crl), and Taconic Farms (Tac)

maintain large colonies of outbred crosses of mice con-

sisting of up to 10,000 animals per colony that have

accumulated many recombination events. These commer-

cially available outbred crosses are used primarily by

pharmaceutical companies and until recently were not con-

sidered as reference genetic populations mainly because of

their poor genetic characterization (Chia et al. 2005;

Festing 1999).

In recent years, there has been an increasing awareness of

the utility of CO mice as resources for fine-scale genetic

association studies. Table 1 lists studies that used CO mice,

with relevant information about colony, locus, and pheno-

type. Early examples include the CD1 mice at Charles River

Laboratories in Italy [Crl:CD1(ICR)-IT as defined by our

outbred strain nomenclature (Yalcin et al. 2010)] that were

used to analyse the susceptibility allele at the pulmonary

adenoma susceptibility 1 (Pas1) locus in Kras2 and Pthlh

genes (Manenti et al. 2003). Several years ago we used the

MF1 colony from Harlan Sprague Dawley (HsdOla:MF1-

Table 1 Genetic studies using

commercial outbred (CO)

populations of mice

Colony Locus/trait Reference

Crl:CD1(ICR)-IT Pulmonary adenoma susceptibility 1 Manenti et al. (2003)

HsdOla:MF1-UK Anxiety susceptibility locus Yalcin et al. (2004)

HsdOla:MF1-US Hepatic gene expression traits Ghazalpour et al. (2008)

Crl:CD1(ICR)-US Genetic evaluation of colonies Aldinger et al. (2009)

BomTac:NMRI-DK Cardiovascular disease risk Zhang et al. (2012)

Crl:CFW(SW)-US_P08 Haematological traits Yalcin et al. (2010)

HsdWin:CFW-NL Haematological traits Yalcin et al. (2010)

HsdWin:NMRI-NL Haematological traits Yalcin et al. (2010)
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UK) to fine map a QTL influencing anxiety (Yalcin et al.

2004) (note that in 2005 this colony underwent a major

population bottleneck caused by a bacterial infection of

Helicobacter hepaticus). Other examples include a genome-

wide association analysis of hepatic gene expression traits in

the HsdOla:MF1-US colony (Ghazalpour et al. 2008), a

genetic analysis of colonies of Crl:CD1(ICR)-US at several

locations (Aldinger et al. 2009), and a fine mapping of loci

influencing cardiovascular disease risk using the Bom-

Tac:NMRI-DK colony (Zhang et al. 2012).

To our surprise, we found that there were dozens of CO

colonies available, not just a handful as we initially

thought. Therefore, we set out to explore the usefulness for

association studies of all crosses available at the time of our

study (2007–2009) (Yalcin et al. 2010). We surveyed

genetic variation in 66 CO colonies. This study came to

two important conclusions. The first is that some CO

populations of mice have haplotype blocks of less than 100

kbp, enabling gene-level mapping resolution and making

these populations ideal for association studies. Other CO

populations were genetically less diverse and had large LD

blocks; rare cases had almost completely inbred genomes.

As proof of principle, we used three colonies

[Crl:CFW(SW)-US_P08, HsdWin:CFW-NL, and

HsdWin:NMRI-NL] of the 66 evaluated and refined several

previously identified QTLs (Yalcin et al. 2010) (Table 1).

Notably, we identified the molecular variation that influ-

ences the ratio of CD4?/CD8? in T lymphocytes.

The second important finding is that almost all of the

genetic variants in the CO populations can be found in

classical laboratory strains. We were able to show this from

haplotype reconstruction and confirmed it in one popula-

tion by genome-wide sequencing support. This means that

variants in the CO mice can be modelled as descending

from inbred progenitors, and it becomes possible to impute

the sequence of any CO mouse from the sequences of

inbred strains. The full catalogue of sequence variation can

thus be obtained by sequencing the inbred strains presumed

to be founders for it and genotyping the stock at a skeleton

of SNPs. This means that in a genetic association study we

can detect the effect of all variants, a situation that has so

far eluded studies in completely outbred populations.

Because of these two important findings, i.e., gene-level

mapping resolution and known ancestry, we have proposed

CO stocks as a novel powerful resource for fine-resolution

genetic mapping. Not all of the CO stocks are suitable for

association studies, with a few that should clearly be avoi-

ded. However, it is important to make a good choice of the

population to use. Here we will highlight two genetic mea-

surements that we used to classify these stocks: LD decay

radius and mean MAF (Yalcin et al. 2010). Basically, the

lower the LD decay radius, the higher the mapping resolu-

tion, and the lower the mean MAF, the higher the number of

animals to be used. For example, our evaluation of Bom-

Tac:NMRI-DK yielded a LD decay radius of 1.07 Mbp and a

mean MAF of 0.068. If mapping resolution is important in a

genetic experiment, BomTac:NMRI-DK might not be the

best population from which to choice, as used in a recent

study (Zhang et al. 2012). Because MAF is small, a large

number (in the thousands) of animals should be used to map

small genetic effects.

CO populations contain a relatively small subset of all

known variations in the mouse, a finding that has both

advantages and disadvantages for genetic studies. Since the

populations are subsets of the same set of alleles, mapping

Table 2 Current list of commercial outbred (CO) populations of

mice

Vendor Strain Country

B & K Universal BK:W UK

Charles River Crl:CD1(ICR) US, IT, FR, DE

Crl:CF1 US

Crl:CFW(SW) US

Crl:MF1 UK

Crl:NMRI(Han) FR, DE

Crl:OF1 FR

Crlj:CD1(ICR) JP

Elevage Janvier RjHan:NMRI FR

RjOrl:Swiss FR

Harlan ClrHli:CD1 IL

Hsd:ICR(CD-1) US, UK, NL, IL, IT, MX, KP

Hsd:ND4 US

Hsd:NIHS US, UK

Hsd:NSA(CF1) US

HsdHu:SABRA IL

HsdIco:OF1 IT

HsdOla:MF1 UK

HsdOla:TO UK

HsdWin:NMRI UK, NL

Hilltop Hla:(ICR)CVF US

NOVA-SCB Sca:NMRI DE

SAGE Aai:ICR US

Aai:SW US

Simonsen Sim:(SW)fBR US

Taconic BomTac:NMRI DK

IcrTac:ICR US

NTac:NIHBS US

Tac:SW US

There are currently nine vendors including BK B & K Universal, Crl
Charles River Laboratories, Rj Elevage Janvier, Hsd Harlan Sprague

Dawley, Hla Hilltop Lab Animals, NOVA-SCB [previously known as

Sca Scanbur], SAGE Sigma Advanced Genetic Engineering, Sim
Simonsen, and Tac Taconic Farms. Note that Ace Animals was

bought in 2011 by SAGE, and the Research and Consulting Company

(known as RCC) closed in 2010
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for a trait of interest might work in one population but might

not work in another. We found that the extent of genetic

variation between colonies is remarkably large. Fst, a mea-

sure of variation within and between populations [reviewed

in (Holsinger and Weir 2009)], is 0.45 [in contrast, human

population values are typically \0.05 (Reich et al. 2009)].

However, the relatively limited genetic diversity of the

outbred colonies also means that they do not model a fully

outbred population; nor can they be used to assess the effect

of all variants present in mouse populations.

Table 2 provides the current list of CO strains of mice. It

should be noted that there have been colony movements

and changes since our last study (Yalcin et al. 2010). Over

time, vendors can stop providing a specific colony or

expand a colony at a different geographical location. For

example, in 2009, Crl:OF1 used to be maintained at two

locations (Hungary and France), but it is now available

only from France. Other examples include HsdWin:NMRI

and Hsd:NIHSBC, for which breeding stopped at the

German and Israeli Harlan sites, respectively. In other

cases such as Hsd:ICR(CD-1), a new colony has been

started in Korea. In one case, HsdWin:CFW, cryopreser-

vation has been chosen as a way to keep the line. Future

studies using HsdWin:CFW will have to re-evaluate the

amount of genetic diversity and the potential population

bottleneck that occurred during cryopreservation.

The availability of full-genome sequences

The Mouse Genomes Project (Keane et al. 2011) has made

a major difference to the identification of the causative

quantitative trait genes: when populations are descended

from known progenitors, there is no need to sequence

genes or other genomic regions. There are already cases

where the availability of the sequence data has led to

advances. For example, at each of the 843 QTLs previously

identified in the HS (Valdar et al. 2006), we were able to

apply a test that discriminates between variants that could

be functional and those that are not. The test is explained in

detail in (Yalcin et al. 2005) and is based primarily on the

strain distribution pattern of the variant. This analysis

allowed us to identify on average seven functional variants

across 718 of the 843 QTLs (Keane et al. 2011) (Fig. 2). In

addition, at 10 % of the QTLs there was one single func-

tional variant detected and therefore could unambiguously

be assigned as a causative variant (Keane et al. 2011).

Similarly, in the DO the sequence helped refine the

location and identify functional variants. While mapping a

QTL influencing total plasma cholesterol, founder haplo-

types were identified from strains 129S1/SvImJ, WSB/EiJ,

and NZO/HILtJ within a 2-Mbp region. This region

included 11 protein-coding genes and 32,196 SNPs. However,

only seven were consistent with the allele effect pattern, a

remarkable reduction in the number of potentially causal

variants (Svenson et al. 2012).

It is a very exciting time for genome-wide association

studies in mice. Major advances in sequencing technolo-

gies have allowed for the first time the identification of

quantitative trait genes and quantitative trait variants at an

unprecedented speed, and have made possible the investi-

gation of the genetic architecture of quantitative traits

(Keane et al. 2011). The use of CO populations of mice in

conjunction with complete genome sequence data of the

predicted founder strains can reduce the list of candidate

variants at each QTL to small numbers of causal variants.

In addition to the gene-level mapping resolution, CO

populations of mice also offer a unique opportunity to

explore the ‘‘missing heritability’’ problem that has been

reported in human association studies (Parker and Palmer

2011). Because their effective population size is large, rare

alleles have been accumulated in these populations and

could be used as paradigms for examining how these rare

variants impact on phenotypic variation.
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Until recently, the genetic cross was the most com-
mon design for identifying the sequence variants that 
contribute to phenotypic variation in mice. In a cross, 
two inbred strains are mated, and their offspring are 
either mated to each other (an intercross design) or 
to a progenitor strain (a backcross design) (FIG. 1a). 
Second-generation offspring are then phenotyped and 
genotyped, and linkage analysis is carried out to identify 
a region that is associated with the trait1.

This approach has led to the identification of thou-
sands of quantitative trait loci (QTLs) for various phe-
notypes and diseases. However, each QTL region is 
large, often tens of megabases, and contains hundreds 
of genes. The process of identifying the causal variant 
and the gene involved is therefore difficult and costly. 
Of the thousands of QTLs identified, only a small  
fraction of genes has been identified.

These results compare poorly to the recent success 
of human genome-wide association studies (GWASs), 
which have discovered hundreds of genes that are 
involved in dozens of common diseases2. However, the 
mouse studies also reveal that in a genetic cross only a 
few hundred animals are required to identify loci that 
together explain 50% or more of the phenotypic vari-
ance for a particular trait3. This finding is particularly 
striking compared to human studies, in which typi-
cally tens of thousands of individuals are required to 
identify loci that are involved in traits, and in which 
the loci identified typically explain only a small frac-
tion of phenotypic variance4. These observations bode 
well for developing new ways of exploiting the genetic 
variation in mice to identify the basis of disease and 
traits related to those being mapped in humans. 

Furthermore, as discussed below, mouse studies have 
several advantages over human studies, including the 
accessibility of disease-relevant tissues, a greater abil-
ity to control environmental factors and an advanced 
genetic toolkit for the functional characterization  
of candidate genes5,6.

Indeed, alternative strategies to the genetic cross are 
now being developed in mice and are being fuelled by 
the same transformative technologies that have revo-
lutionized human genetics. These strategies are taking 
advantage of advances in microarray7,8 and sequencing 
technologies9, which are yielding an almost complete 
map of genetic variation in various laboratory strains. 
For example, in the past year, the Sanger Institute has 
sequenced 17 mouse genomes and discovered 71 mil-
lion SNPs10. Meanwhile, The Jackson Laboratory, in 
conjunction with the University of North Carolina, 
has developed a mouse-genotyping microarray — the 
Mouse Diversity Array, which measures 600,000 geno-
types — and applied it to several hundred laboratory 
strains11. The result of these efforts is an almost com-
plete picture of genetic variation and insights into the 
origin12–14 of the laboratory mouse.

In a separate effort, large-scale mouse-breeding 
programmes have generated inbred strains with 
advantageous genetic properties for carrying out 
genetic studies. These include efforts to expand exist-
ing populations of recombinant inbred strains (FIG. 1b) as 
well as to develop new strains, such as those developed 
by the Collaborative Cross project15. In addition, recent 
efforts to characterize commercially available outbred 
mouse resources provide gene-level resolution for 
mapping complex traits.
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Inbred strains
Mouse strains that have  
been sibling-mated for at least 
20 generations to the point 
that both alleles at each locus 
are expected to be identical.

Linkage analysis
A statistical method for 
identifying a region of the 
genome that is implicated in a 
trait by observing which region 
is inherited from the parental 
strain carrying the trait in 
offspring that carry the trait.

Quantitative trait loci
(QTLs). Regions of the genome 
that are implicated in a 
quantitative trait.

Genome-wide association  
studies in mice
Jonathan Flint1 and Eleazar Eskin2

Abstract | Genome-wide association studies (GWASs) have transformed the field of  
human genetics and have led to the discovery of hundreds of genes that are implicated  
in human disease. The technological advances that drove this revolution are now poised 
to transform genetic studies in model organisms, including mice. However, the design of 
GWASs in mouse strains is fundamentally different from the design of human GWASs, 
creating new challenges and opportunities. This Review gives an overview of the novel 
study designs for mouse GWASs, which dramatically improve both the statistical power 
and resolution compared to classical gene-mapping approaches.
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Recombinant inbred strains
Inbred strains that are 
generated by sibling-mating 
the offspring of a genetic cross 
until the progenies are inbred.

Collaborative Cross project
A large panel of inbred mouse 
strains that are currently being 
developed through a 
community effort. The strains 
are derived from an eight-way 
cross using a set of founder 
strains that include three 
wild-derived strains.

Figure 1 | Breeding schemes for mouse genome-wide association study populations. a | In the classic F2 
generation cross, two parental strains are mated to generate F1 strains. The F1 strains are then either mated to each 
other (intercross) or to one of the parental strains (backcross; not shown) to generate F2 offspring. These offspring are 
then genotyped and phenotyped. b | Recombinant inbred strains are generated by sibling mating F2 intercross 
animals until the resulting progeny, at least 20 generations later, is fully inbred. These inbred lines are maintained in 
breeding colonies and can be purchased from commercial vendors. Strategies that use recombinant inbred strains do 
not require genotyping as the genotypes of each animal in such a strain are identical and available in public 
databases. c | The Collaborative Cross is a large-scale project for generating recombinant inbred strains from eight 
parental strains using a breeding scheme that leads to inbred strains with, on average, equal genome content from 
each parental strain. Because the Collaborative Cross strains are inbred, strategies that use the strains do not require 
genotyping of the animals as the genotypes are available from public databases. d | Heterogeneous stock animals are 
the outbred offspring of eight parental strains. The breeding scheme generates animal offspring with, on average, 
equal genome content from each parental strain. Unlike inbred strains, these animals are genetically unique, and 
studies that use heterogeneous stock animals require genotyping of each animal included in the study. Panels a–c are 
reproduced, with permission, from REF. 84 © (2012) Macmillan Publishers Ltd. All rights reserved.
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In this Review, we first discuss the general consid-
erations for GWAS approaches, then describe how 
recently developed mouse GWAS strategies have been 
made possible by new mouse-breeding efforts and tools 
for large-scale sequencing, genotyping and phenotyp-
ing. These strategies differ in the genetic background 
of the mice that are included in the study, the genetic 
information that is collected and how the phenotypes 
are measured. They have been applied to identify loci 
that are involved in dozens of complex traits, includ-
ing lipid and triglyceride levels16,17, bone density18, fear 
conditioning19, albumin-to-creatinine ratios in urine17, 
blood pressure17, exercise behaviour and metabolism20, 
and susceptibility to infectious diseases20.

We also discuss how the most appropriate GWAS 
strategy greatly depends on the goals of the study. The 
design of these strategies, as well as the analysis of data 
obtained, raises novel challenges and opportunities. 
However, all strategies have a common feature: they 
implicate much smaller regions than those that are 
typically found in classical genetic crosses, thus facili-
tating the process of identifying the underlying genes 
involved. Because so many models of human disease 
have been developed in mice, the developments pro-
vide a powerful and complementary approach towards 
understanding the genetics of human disease.

Mouse genetic studies: design considerations
There are various factors to bear in mind when design-
ing a GWAS in any species. We begin by describing 
properties of GWAS designs and proceed to a discus-
sion of the various advantages and disadvantages of 
each of the novel mouse GWAS strategies.

Statistical power. The most important property defin-
ing the expectations of a genetic mapping study is the 
anticipated or predicted statistical power. The sta-
tistical power measures the likelihood of detecting a 
genetic effect of a certain size given the number and 
type of animals included in the study. Informally, the 
statistical power can be thought of as the probability 
that the study will discover a locus of a certain effect  
on the trait. For example, a study of 90% power to 
detect a QTL that explains 10% of the variation will 
find a QTL of this magnitude, or larger, with a prob-
ability of 0.9, assuming that such a QTL exists in the 
population studied.

Mapping resolution. Mapping resolution measures the 
size of the interval implicated by the study. The resolu-
tion affects the number of genes that will be identi-
fied as candidates for harbouring the variant affecting 
the trait. A low resolution means that more genes and 
variants will have to be tested to confirm or to exclude 
their role in contributing to phenotypic variation; a 
high resolution means that fewer genes and variants 
need be tested.

Cost. The cost of a study includes the cost of obtaining 
and breeding the animals, maintaining them while pheno-
types are scored and obtaining genetic information. For 

some animals, such as inbred strains, genetic informa-
tion is publicly available, whereas for other animals 
the extent of genetic variation must be experimentally 
determined.

A genetic cross entails substantial mouse breed-
ing and genotyping costs. For example, if the paren-
tal strains are obtained at breeding age, the total time 
until F2 generation mice are ready to be phenotyped 
is approximately 5 to 6 months. If a study consists of 
200 F2 mice, the total number of animals involved in 
the study, including those generated by breeding, is 
typically about 300 animals. Each F2 mouse must be 
genotyped because it has a unique mixture of parental 
chromosomes.

Coverage. The coverage of a study refers to the extent to 
which the genome is polymorphic between the animals 
being analysed. Strategies with a higher coverage have 
the potential to discover more variants that affect traits. 
For example, a standard F2 genetic cross only covers 
the genetic variation in the two parental strains. Thus, 
if a genetic variant that affects the trait is present in a 
third strain but not in the parental strains, this variant 
cannot be discovered in the cross.

Reproducibility. This property refers to how easily the 
study can be replicated. Studies that use inbred strains, 
such as the recombinant inbred lines, can be fully 
replicated because the animals in a replication study 
are genetically identical to the animals in the original 
study. By contrast, animals from an intercross or a 
backcross are genetically unique, so although it is pos-
sible to replicate the cross, the specific genotypes of the 
resultant animals will be different each time.

Novel strategies for genetic studies in mice
Modern strategies for mouse association studies dif-
fer in the genetic structure of the mice included in 
the studies and will therefore vary with respect to the 
principles outlined above. As our analysis below shows, 
each strategy involves trade-offs, and exactly which 
strategy is best for a specific study greatly depends on 
the goals of the study. The following sections focus  
on the most widely applied mapping strategies, which 
are summarized in TABLE 1. These are the classical 
inbred strain association, the Hybrid Mouse Diversity 
Panel (HMDP), the Collaborative Cross, heterogene-
ous stocks and commercial outbred stocks. A general  
overview of mouse GWASs is shown in FIG. 2.

Classical inbred strain association. The first strategy 
to use the tools of association studies in mouse strains 
applied an association methodology to a set of com-
monly used laboratory strains21–24. Pletcher et al.22 
described the first mouse GWAS, which led to 11 dis-
tinct loci being reported for high-density lipoprotein 
(HDL) cholesterol levels. In their pioneering work, 
the authors collected genotypes at 10,990 SNPs in 48 
inbred mouse strains. A GWAS was then carried out by 
measuring HDL cholesterol in 25 of these strains and 
correlating the collected phenotypes and genotypes.

R E V I E W S

NATURE REVIEWS | GENETICS  ADVANCE ONLINE PUBLICATION | 3

© 2012 Macmillan Publishers Limited. All rights reserved



Population structure
Differences in levels of genetic 
similarity between individuals 
in the study population. 
Population structure can cause 
spurious associations in 
genetic studies.

The inbred strains association approach gives a 
much higher mapping resolution than a typical genetic 
cross, because the inbred mouse strains are separated 
from their founders by more generations. These more 
distant relationships include many more recombination 
events between the genomes of the founding strains, 
thereby increasing the mapping resolution down to 
approximately 2 Mb, as reported in the initial studies. 
The approach had several other advantages compared 
to genetic crosses. First, classical inbred strain GWASs 
do not require any breeding steps as the inbred strains 
required for phenotyping can be directly purchased from 
a vendor such as The Jackson Laboratory, reducing the 
time and cost of the study compared to a genetic cross. 
Second, classical inbred strain GWASs sample a larger 
amount of variation, because they include many more 
strains than just the two parental strains of a cross. Third, 
they are completely reproducible as the exact strains can 
be used in a replication study, so that the genetic struc-
ture of each of the animals in the original and replication 
study are identical. Finally, inbred strains are homozy-
gous at each locus, thereby increasing the power of the 
association approach, particularly for recessive loci.

The first inbred strain association studies fuelled 
an interest in applying association techniques in larger 
cohorts of inbred strains. This interest drove the devel-
opment of the Mouse Phenome Project25–27, which is a 
project at The Jackson Laboratory that aims to create 
a large catalogue of phenotypes for each of the inbred 
strains. Most strains have now been genotyped or 
sequenced, and their genotypes are available in public 
databases10–14,28–30, so investigators do not need to obtain 
genotypes experimentally.

At the time of the first inbred strain studies, it 
appeared that the strategy had adequate power to iden-
tify genetic variation involved in traits. However, it is 
now understood that many of the identified associations 
were driven by population structure (BOX 1); the differing 
degrees of relatedness among the strains gave rise to 
false-positive associations16,31,32. After correcting for pop-
ulation structure, studies using this design were shown 
to have limited statistical power to identify genes30: most 
of the reported associations were false positives32,33.

Hybrid Mouse Diversity Panel. Whereas classical asso-
ciation studies had advantages in terms of resolution, 

cost, coverage and reproducibility, their main weakness 
was a lack of power for genome-wide association and a 
failure to deal with population structure. An extension of 
the classical inbred strain design is the HMDP16, which 
increases the statistical power of the classical associa-
tion studies by including a set of 70 recombinant inbred 
strains in the mapping panel. In this design, approxi-
mately 100 strains are phenotyped (30 classical inbred 
strains and 70 recombinant inbred strains), and associa-
tion is carried out after correcting for population struc-
ture using efficient mixed-model association (EMMA) 
(BOX 1). The mapping resolution of an association study 
using recombinant inbred strains is actually lower than 
in a design that uses classical inbred strains. However, 
using the combined population included in the HMDP 
provides a high statistical power (from the recombinant 
inbred strains) and a high resolution (from the classi-
cal inbred strains). The set of strains included in the 
HMDP was determined by carrying out power simu-
lations31. HMDP studies have a comparable resolution 
to the classical inbred strain strategy of approximately 
2 Mb interval sizes. Because these strains are all inbred, 
they retain the advantages of the classical inbred strain 
design, such as cost, coverage and reproducibility.

A limitation of the HMDP is the number of available 
inbred strains, particularly recombinant inbred strains. 
It is likely that the maximum number of strains that can 
be used in such a study is between 200 and 300, even if 
all currently available strains are used. This results in an 
upper limit on the statistical power of the HMDP. The 
currently used 100 strain HMDP panel with 8–10 ani-
mals per strain has about 80% power to detect loci that 
account for approximately 5% of the variance of the trait.

The HMDP approach has been applied to a host 
of phenotypes, including lipid levels16, bone density18 
and fear conditioning19. These studies highlight the 
advantage of increased resolution, allowing identifica-
tion of genes that underlie implicated loci, such as the 
previously known apolipoprotein A2 (Apoa2) in HDL 
cholesterol16 and the novel association of additional sex 
combs-like 2 (Asxl2) with bone mineral density18.

The Collaborative Cross. The Collaborative Cross is a 
large-scale effort to create a set of recombinant inbred 
strains that are specifically designed for mapping traits 
and, more generally, for applying a systems-biology 

Table 1 | A summary of the different strategies for mouse genome-wide association studies

Strategy Requires 
genotyping?

Requires 
breeding?

Genetic 
diversity?

Genome-
wide power

Resolution Refs*

Classic cross Yes Yes No Yes Low 50

Inbred strain association No No No‡ No High 22

Hybrid Mouse Diversity Panel No No No Yes High 16

Collaborative Cross No No Yes Yes Medium 15

Heterogeneous stock Yes No No Yes High 38

Commercial outbred stock Yes No No Yes Very high 40

*A representative reference for each study type. For a more comprehensive list of mouse genome-wide association studies, please 
see Supplementary information S1 (table). ‡Inbred strain association strategies have a low genetic diversity if they include only 
classical inbred strains, but they have a higher genetic diversity if they include wild-derived inbred strains.
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approach to mouse genetics15,20,34. Unlike the HMDP, 
which consists of currently available strains, the 
Collaborative Cross has generated new inbred strains 
using a specific breeding scheme: recombinant inbred 
strains are being derived from eight founder strains with 
the goal of producing animals that have on average an 
equal combination of ancestry from each founder (FIG. 1c). 
Five of the founders are classical inbred strains and three 
are wild-derived strains. The classical inbred strains  
lack variants in many genes, so using wild-derived 
strains introduces a substantial amount of genetic diver-
sity into the Collaborative Cross and thus provides the 
advantage of covering more variation compared with 
other strategies. In particular, there are likely to be more 
variants in genes that perturb traits of interest. A sec-
ond advantage of the Collaborative Cross is that there is 
less population structure compared to other strategies. 
Whereas techniques such as EMMA are available to cor-
rect for population structure, the presence of population 
structure still has a negative effect on statistical power.

There has recently been a tremendous amount of 
activity related to the Collaborative Cross as the first 
strains are nearing completion35,36. Although the final 
Collaborative Cross strains are not complete, studies 
are being undertaken using ‘pre-Collaborative Cross’ 
strains, which are incompletely inbred versions of the 
Collaborative Cross strains. A recent study successfully 
mapped several haematological phenotypes37.

Heterogeneous stock. The limited number of inbred 
strains that is either currently available or that can be 
generated by efforts such as the Collaborative Cross 
poses a fundamental limit on the statistical power 
that can be attained in a mouse genetic study that uses 
inbred strains. An alternative strategy is to use out-
bred mice. These include heterogeneous stock mice38 
(for which animals are descended from eight classical 
inbred founder strains (FIG. 1d) and the Diversity Outbred 
mice39 (which comprises animals descended from 
the eight Collaborative Cross founder strains). Both 

Figure 2 | Overview of mouse GWASs. Mouse genome-wide association studies (GWASs) follow a common general 
approach. a | Mice in the study population are phenotyped for the traits of interest. Deciding which mice and their 
corresponding genetic structure to include in the study population is a key design consideration in a mouse GWAS.  
b | Genotypes for each mouse are then obtained either by direct genotyping for outbred animals or by sourcing them 
from publicly available SNP maps for inbred strains. c | Association testing is then carried out, typically using a statistical 
method for correcting for population structure such as efficient mixed-model association (EMMA)31 or resample model 
averaging (RMA)79. d | Implicated regions are then examined for candidate genes, which are then functionally validated. 
Apoa2, apolipoprotein A2; Chr, chromosome; HDL, high-density lipoprotein; HMDP, Hybrid Mouse Diversity Panel. The 
data in part c are derived from REF. 16.
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Box 1 | Population structure

A challenge in mouse genome-wide association studies (GWASs) is the complex genetic relationships between strains 
included in the study. Some of these differences stem from the distinct ancestral origins of the mice, such as the differences 
between wild-derived strains and classical inbred strains, which are primarily descended from domesticated mice12–14. 
Additionally, among strains, there is variability in the degree to which particular genomic regions are shared owing to the 
complex breeding history.

Traditional association statistical tests make the assumption that the phenotypes of individuals in an association are 
independent. However, owing to the complex genetic relationships, this assumption is violated for mouse GWASs. Closely 
related strains will have more similar phenotype values than more distant strains. This phenomenon, which is termed 
population structure, causes spurious associations in GWASs. Recently, statistical methods have been developed to 
address this problem, including efficient mixed-model association (EMMA)31 and resample model averaging (RMA)80, which 
are widely used in mouse GWASs, and EIGENSTRAT81 and EMMAX82, which are widely used in human studies. The figure 
demonstrates this problem for mouse GWASs.

Panel a shows body-weight data for 38 inbred strains from the Mouse Phenome Database as analysed in REF. 31. A 
phylogeny of the strains is shown, demonstrating a clear genetic distinction between the wild-derived strains and the 
classical inbred strains. Note that all wild-derived strains have a lower body weight than classical inbred strains. Panel b 
shows a Manhattan plot with the association results for 140,000 SNPs30 and body weight. Almost every locus appears to be 
associated with body weight as each of the many SNPs that differentiate the wild-derived and classical inbred strains 
appears to be associated with body weight. A visualization of the cause of the spurious associations is shown panel c.  
Many SNPs and the phenotype are both correlated with the genetic relatedness or population structure among the strains. 
Statistical techniques can take into account the genetic relationships between the strains to correct for population 
structure, thus minimizing spurious associations. In this example, EMMA was applied to the data (panel d). The highest 
peak, although not genome-wide significant, occurs on chromosome 8 and is near the logarithm of the odds (lod) peak of a 
previously known body weight quantitative trait locus Bwq3 (REF. 83). Panels b and d are reproduced, with permission, from 
REF. 31 © (2008) Genetics Society of America.
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Imputation
A statistical procedure to 
predict the values of genetic 
variation which was not 
collected using observed 
genetic variation and genetic 
reference data sets.

Heritability
A measure of the genetic 
component of phenotypic 
variance of a trait.

heterogeneous stock and Diversity Outbred animals are 
similar to F2 animals generated from a cross, but they 
have ancestry from eight founder strains instead of only 
two, and the population is bred for more generations. 
The main advantage of heterogeneous stock strategies 
is that they can be used to generate an almost limitless 
number of animals, enabling large studies to be car-
ried out that can find weak genetic effects. In addition, 
owing to their breeding history, animals have undergone 
many more recombination events with mapping resolu-
tion of approximately 3 Mb for a typical QTL. However, 
unlike inbred strains, each heterogeneous stock mouse 
is unique and does not have the phenotyping and repro-
ducibility advantages offered by inbred strains nor the 
availability of genotypes. Furthermore, the population 
structure in the heterogeneous stock designs complicates 
the analysis and reduces power. A very large study con-
sisting of more than 2,000 outbred mice used an exten-
sive high-throughput phenotyping strategy38. A total of 
101 phenotypes were measured, including behavioural 
traits, common-disease-related traits, biochemistry, hae-
matology and immunology-related traits. The study suc-
cessfully implicated loci in almost all of the phenotypes38.

Commercially available outbred stock. An alternative 
source of outbred mice is available from commercial 
vendors. These animals have a genetic structure that 

differs from the carefully constructed heterogeneous 
stock approach described above. Many such vendors 
have large colonies that they have maintained for many 
generations, although they are descended from a small 
number of classical inbred strains. A recent charac-
terization of these populations has shown that some 
stocks have desirable properties for high-resolution 
mapping owing to the large number of generations 
since the founding of the stock. In fact, some stocks can 
achieve a resolution of interval sizes of less than 100 kb40. 
FIGURE 3 shows a comparison of the resolution of stud-
ies using a genetic cross, the HMDP and commercial 
outbred stocks for the association for HDL cholesterol 
on chromosome 1.

Large differences in allele frequencies between popu-
lations mean that no single commercial stock outbred 
population is ideal, but they also mean that if mapping in 
one population fails, mapping in another population may 
succeed because of differences in the linkage disequilib-
rium patterns between populations. The populations dif-
fer owing to the unique population history of each stock, 
yet for all of these stocks, the vast majority of the variation 
present in the animals is derived from the genetic differ-
ences present in the founding inbred strains. This insight 
makes it possible to obtain accurate genotype informa-
tion for each animal by collecting only several hundred 
markers and applying imputation41–43. Commercial out-
bred mice were recently used to map variants associated 
with HDL cholesterol, systolic blood pressure, triglyc-
eride levels, glucose and urinary albumin-to-creatinine 
ratios17, and simulations using the panel of mice used in 
the mapping showed that most of the peak associations 
are within 500 kb of the causal variant.

Choosing a strategy for mouse GWASs
Which approach works best for a given study depends 
on many factors, including the genetic architecture  
of the trait of interest and the goals of the study. We 
discuss these issues in terms of the design choices that 
underlie the mouse GWAS strategies.

Inbred or outbred? A key differentiator between the 
novel mouse GWASs is that some of the strategies 
use inbred strains, such as those from the HMDP or 
the Collaborative Cross, whereas other GWASs use 
outbred animals, such as heterogeneous stock and 
commercial outbred mice. The inbred strains have 
the advantage of genomic homozygosity and com-
plete reproducibility of phenotype measurements. In 
fact, if a phenotype has a low heritability or if the assay 
to measure it has a large amount of noise, multiple 
genetically identical animals can be measured to obtain 
accurate estimates of the phenotype in each strain. 
These measurements can then be combined with any  
other measurements on the same set of strains, resulting 
in a much richer set of phenotypes. However, the num-
ber of available inbred strains is limited. If the variants to 
be identified have sufficiently small effect sizes that even 
using all available inbred strains will have only limited 
power, the only practical approach is to use a large number  
of outbred animals.

Figure 3 | Comparison of mouse GWASs for HDL cholesterol. The figure highlights 
differences in resolution of genome-wide association studies (GWASs) of high-density 
lipoprotein (HDL) between the strategies of the F2 generation genetic cross85, the 
Hybrid Mouse Diversity Panel (HMDP)16 and commercial outbred stocks17. The results 
are shown for chromosome 1, in which a known gene, apolipoprotein A2 (Apoa2), has 
been previously linked to HDL levels86 and is likely to drive the association signal in all 
three studies. All three strategies successfully identify an association in the region. 
However, as shown in the figure, the genetic cross study implicates a very broad region 
covering a substantial fraction of the chromosome owing to the limited number of 
recombinations between the parental strains of the cross. The HMDP study narrows 
down the association signal to a much smaller region owing to the larger number of 
generations that separate the inbred strains. The outbred stock study localizes the 
association even further owing to the large number of generations since the founding  
of the stocks. Chr, chromosome. The data sets presented are from REFS 16,17,85.
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Linkage disequilibrium 
decay
The decrease in the correlation 
between genetic variants as 
the distance between the 
variants increases.

Private variants
Genetic variants that are 
confined to single individuals, 
families or populations.

Multiple testing
A statistical problem that 
arises from carrying out many 
(in the order of thousands) 
hypothesis tests together. The 
significance threshold must be 
appropriately corrected to 
avoid false positives: for 
example, by using the 
Bonferroni correction.

F1 strains
Mouse strains that are 
generated by breeding two 
inbred strains together. An F1 
mouse has one chromosome 
from each of the parental 
strains.

Co-isogenic wild-type strain
A strain that differs from the 
wild-type strain at only a single 
locus through a mutation 
occurring in the wild-type strain.

Congenic strains
Strains that are produced by  
a breeding strategy in which 
recombinants between two 
inbred strains are backcrossed 
to produce a strain that carries 
a single genomic segment from 
one strain on the genetic 
background of the other.

Genetic diversity: more or less? Another key differen-
tiating factor is whether to include animals that are 
descended from wild-derived strains in addition to ani-
mals that are descended from classical inbred strains. 
The Collaborative Cross includes several wild-derived 
founder strains, and for this reason it includes an order 
of magnitude larger amount of diversity compared to the 
other strategies34. However, a high proportion of alleles 
is derived from just one of the wild-derived strains. 
Linkage disequilibrium decay for these private variants solely 
depends on the number of recombination events that 
have accumulated during the creation of the population; 
this reduces the resolution compared to strategies based 
on inbred strains. Furthermore, as the amount of genetic 
variation increases in a study, the power to detect vari-
ants is reduced for two reasons. First, there are likely to 
be many more variants involved in the trait, reducing the 
relative effect size of any given variant. Second, there are 
many more polymorphic variants, decreasing the amount 
of linkage disequilibrium and increasing the multiple  
testing penalty when carrying out GWASs. However, 
increased diversity has several advantages, including that 
there are more variants with genetic effects that can be 
found. In addition, if the goal of a study is to follow up spe-
cific human GWAS results, greater diversity increases the  
chance that variants in the gene of interest that affect  
the trait are present in the chosen mouse population.

Breeding scheme or opportunism? The final considera-
tion is whether it is preferable to use populations that 
are specially designed for mapping studies (such as the 
Collaborative Cross or heterogeneous stock) or whether 
opportunistically to use currently available mouse 
resources that were not designed for mapping (such as 
the HMDP or commercially available outbred stock). In 
general, the specially designed mouse populations each 
have some distinct advantages, such as lower amounts of  
population structure and more control over the level  
of genetic diversity. However, resolution is bounded by 
the number of recombination events that can be limited 
for specially designed mouse populations that were only 
recently generated.

From implicated loci to genes
Three common ways to prove the involvement of a gene or 
gene variant in a complex trait are as follows. The first way 
is reciprocal hemizygosity, which was developed in yeast 
and in which a pair of F1 strains is generated that harbour 
a mutant allele of a gene of interest on one chromosome 
and a deletion of that gene on the homologous chromo-
some44 (to allow the phenotypic effect of the allele of 
interest to be seen). The mutant alleles differ between the  
two F1 strains, and a difference in phenotype between 
these F1 strains implicates the gene in the phenotype. 
The second technique is quantitative complementation, 
which was developed in Drosophila melanogaster 45,46. 
When this method is applied to mice, a pair of strains 
that carry different alleles at the locus is taken from the 
mouse GWAS. This pair of strains is then bred with a 
knockout strain for the gene and with the background 
strain for the knockout. Four F1 strains are generated, 

and their phenotypes are analysed to test for an interac-
tion between a null allele and the QTL (rather than for a 
main effect of either); a significant interaction indicates 
that the allelic differences in the gene are (at least partly) 
responsible for the QTL. The third technique is finding 
an enrichment of rare or low-frequency variants in can-
didate genes in cases relative to controls, as determined 
by resequencing candidate genes. This strategy was devel-
oped for human studies and has successfully identified 
human genetic variants that are associated with type 1 
diabetes47 or Crohn’s disease48.

To date, these three methods have not been widely 
used in mouse genetics. Reciprocal hemizygosity 
requires such complex genome manipulation that it is 
almost impossible to implement in mice. Quantitative 
complementation is technically possible and has been 
implemented49,50,51, but it requires co-isogenic wild-type 
strains, which can be difficult to obtain in mice. Most 
mouse knockouts are still created in a 129 strain and are 
back-crossed onto a different strain (typically C57BL/6) 
so that often no pure co-isogenic wild-type strain is 
available. Finally, resequencing candidate genes requires 
access to thousands of unrelated individuals, and this is 
not an option in mouse genetics.

Perhaps not surprisingly, therefore, mouse geneticists 
have resorted to applying less-stringent tests for estab-
lishing the causality of candidate genes at QTLs. One 
simple test is whether a knockout of the candidate gene 
has an abnormal phenotype52. It should be noted that 
this does not prove that the QTL acts either at or through 
the gene. A knockout allele is rarely the same as the vari-
ant allele at a QTL, so finding that the knockout has an 
effect on the phenotype does not prove the candidacy of 
the gene. Almost all variants that act at QTLs do so in 
subtle ways, perhaps by increasing or decreasing expres-
sion of a transcript; moreover, contrasting phenotypes 
can be attributed to different alleles at the same gene53. 
Therefore, it would be wrong to expect the complete 
removal of a transcript to model the QTL effect. Some 
phenotypes, such as height or weight, are influenced by 
so many genes that more than one-third of all knockouts  
may show a phenotype54. In fact, relying on knock-
outs to implicate a gene at a QTL can give rise to both  
false-negative and false-positive results. False positives 
can occur if the knocked-out gene is not the gene that 
harbours the variant that causes the association signal 
observed at the QTL but nonetheless has an effect on the 
phenotype. False negatives can occur if the knocked-out 
gene harbours the causal variant, but the knockout does 
not share the same phenotype.

An alternative approach towards identifying the 
relevant gene is the labour-intensive process of generat-
ing congenic strains55–58, which are specially constructed 
strains that are designed to fine-map a region. However, 
these approaches have yielded only a few gene asso-
ciations and are successful only when the effect of the 
gene on the trait is very large. The promise of the recent 
developments in mouse genetics has been to provide 
alternative strategies for identifying QTLs with orders of 
magnitude greater resolution than for traditional linkage 
analyses, thus in principle facilitating the identification 
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of causal genes or variants. However, even with these 
new strategies, the resolution of mouse genetic studies is 
still poorer than the resolution of human genetic studies.

Supplementary information S1 (table) provides a sum-
mary of candidate genes identified since 2005 and lists the 
ways in which this has been achieved. The table clearly 
shows that the use of gene expression data is a common 
and successful method for prioritizing candidate genes. In 
most cases, investigators look for an association between 
differential gene expression levels and the trait of inter-
est as a way to implicate a gene. However, more complex 
methods are possible: for example, by comparing a statis-
tical model — in which genetic variation contributes to 
transcript variation and that in turn contributes to phe-
notypic variation — with alternative non-causal mod-
els59. This approach can be extended so that an entire  
network of transcripts is associated with a phenotype60.

In most cases, investigators use a composite method 
to find genes — often referred to as a ‘bioinformatics tool-
box’ — in which data from sequence, expression and the 
published literature are synthesized to increase the likeli-
hood that the causal gene has been found61,62. The ade-
quacy of this method has, however, yet to face rigorous 
testing. One assessment of the efficacy of incorporating 
expression data for isolating genes at QTLs concluded, 
after reviewing 37 studies, that the method had limited 
success: although it reduces the numbers of potential can-
didates (just 1.9% of candidate genes showed differential 
expression), meta-analysis showed that this filtering of 
candidates resulted in no significant over-representation 
of genes in QTL regions in 70% of studies63.

Supplementary information S1 (table) also shows the 
continuing importance of the intercross for identifying 
QTLs. Despite the availability of advanced intercrosses, 
heterogeneous stocks, outbred stocks and now the 
Collaborative Cross, the workhorse of genetic mapping 
remains the intercross. Overall, this table demonstrates 
that the field of mouse complex trait genetics has yet to 
exploit fully the new resources and technologies that are 
now available. Moving from genetic mapping towards 
identifying the causal variant, and identifying the genes 
that the variant affects, remains a major challenge.

Mouse or human genetic studies?
The ultimate goal of mouse genetic studies is to under-
stand the mechanism of human disease. There are many 
trade-offs between mouse and human studies. The most 
fundamental is that mouse studies are limited to disease 
models that are only approximations of human disease.

The genetic structure of mouse and human studies 
differs greatly. The process of inbreeding a mouse strain 
can be thought of as obtaining a single haplotype from a 
wild population. When two inbred strains are crossed, 
the resulting offspring will have allele frequencies close 
to 50% for all polymorphic variants, independent of 
their effect sizes. This breaks the inverse relationship 
between allele frequency and effect size that is observed 
in humans19 and other wild populations. Thus, variants 
with large effect sizes, which were correspondingly rare in  
wild mouse populations, might be artificially increased 
in frequency in a mouse study. This leads to associations 

being discovered in only a few hundred animals, and 
together these associations explain a large fraction of the 
phenotype3. This compares favourably with the results of  
human studies that involve hundreds of thousands  
of individuals64,65 and that identify loci with only small 
effects that account for a small fraction of the variance66. 
Because they require many fewer samples, mouse GWASs 
are typically much cheaper than human studies, particu-
larly for strategies that do not require any genotyping. In 
addition, human geneticists working with disease phe-
notypes have no choice but to use a case–control design, 
comparing individuals with and without the disease. By 
contrast, mouse phenotypes are not so constrained. The 
mouse models of disease almost always contain a quan-
titative measure of the phenotype, and this increases the 
power to map loci that affect the phenotype.

However, even with the novel mapping strategies, 
the resolution of a human GWAS is still superior to a 
mouse mapping study. This is because human popu-
lation history has resulted in more extensive levels of 
linkage disequilibrium decay; therefore, QTLs identi-
fied in human studies are usually shorter and contain 
fewer genes than regions implicated by mouse studies. 
Furthermore, GWASs of humans typically use larger 
numbers of individuals than GWASs of mice, and this 
also increases mapping resolution.

Despite these disadvantages, mouse genetic studies 
have several major advantages relative to human stud-
ies for dissecting the genetic mechanism of disease. 
Whereas human studies can access only a few tissue 
types, mouse studies can easily measure traits in any 
tissue, including the tissue that is most relevant to the 
disease, which is often inaccessible in human studies. 
Similarly, unlike in human studies, the environment in 
mouse studies can be carefully controlled, facilitating 
studies that examine gene-by-environment interactions. 
Mouse studies also facilitate the functional characteriza-
tion of candidate causal genes or variants by using, for 
example, gene knockouts and allele swaps, which are 
impossible in human studies.

In summary, although identifying the gene that 
underlies a QTL can be more difficult in mouse models, 
following up this gene to understand the mechanism is 
easier than in human studies.

Future directions
The strategies discussed in this Review are only a start-
ing point for improving the ability of mouse genetic 
studies to identify genes that underlie human-disease-
related traits. Many other strategies are currently being 
proposed3,67.

Exploiting the genetic diversity of wild mice. Wild 
mice, which should not be confused with wild-derived  
inbred strains, are substantially more outbred than 
laboratory strains: they contain more genetic diversity 
and have undergone a larger number of recombination 
events between the founder genomes, leading to a higher 
mapping resolution68. Each wild-derived inbred strain 
can be thought of as capturing a single haplotype from 
the population of wild mice. Genetic studies using wild 
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Additive
In the context of a genetic 
effect, the linear relationship 
between the replacement  
of an allele and its effect on  
the phenotype.

mice will probably have a resolution that is similar to 
human studies, but they are also likely to require thou-
sands of individuals: similar in number to the individu-
als involved in a human GWAS. One difficulty posed 
by this strategy is that wild mice need to be sequenced 
to obtain their genetic variation. Genotyping microar-
rays such as the Mouse Diversity Array may perform 
poorly on these animals because the genetic variation 
that is polymorphic in wild mice may not be captured 
in the microarray, as it represents only a small number 
of wild-derived laboratory strains. A further difficulty is 
that wild mice are infected with many diseases that pro-
hibit their introduction into animal breeding facilities.

Advantages of using F1 animals. A strategy that uses 
laboratory mice directly involves including F1 strains in 
mouse association studies in addition to inbred strains, 
making more strains available for a study. F1 strains are 
the offspring of two inbred strains and can be generated 
from any pair of inbred strains, including either classi-
cal inbred strains or the Collaborative Cross strains. In 
principle, the added value of such F1 mice depends on 
the genetic inheritance model of the trait. If the mode of 
inheritance is assumed to be additive, then the use of F1 
animals will add little to the statistical power of the study. 
Conversely, if the genetic model assumes dominant or 
recessive effects, then the F1 strains will enhance statisti-
cal power owing to the many heterozygous loci in the F1, 
but not the inbred, mice.

F1 strains can also be used to identify genes that 
modify a dominant genetic variant69. In this approach, 
a strain that is homozygous for a dominant variant is 
bred to many inbred strains, generating F1 mice with 
one parent transmitting the dominant variant and the 
second parent transmitting a chromosome without  
the variant. Each F1 mouse is phenotyped, and associa-
tion is carried out between the genotypes of the alternate 
parent and the phenotype. The results of this association 
are loci that modify the dominant variant effect.

Cell-based strategies. Cell lines that have been generated 
from mouse strains can also be used for genetic stud-
ies70,71. The idea behind these studies is that cell lines 
are generated from each mouse strain and that pheno-
typing is carried out on these cell lines. Although the 
phenotyping strategies greatly differ from whole-animal 
studies, the phenotypes can be mapped in the same way. 

Advantages of cell-based strategies include their low cost 
and the ease of both measuring phenotypes and carry-
ing out manipulations (such as exposure to oxidative 
stress72). However, a disadvantage is that the measured 
cell-based phenotypes may not be as relevant to human 
disease as they would be in whole-animal studies.

Promoting recombination events. There has been great 
progress in understanding recombination with the 
discovery of recombination hotspots and the molecu-
lar mechanisms that promote recombination73,74. 
Potentially, these discoveries can be leveraged either by 
implanting hotspots into regions of the mouse genome 
in which we would like to observe more recombination 
events in breeding or by increasing the total number of  
recombinations per generation.

Exploring quantitative genetics. Finally, the human 
GWAS results — characterized by the small effect sizes 
of implicated variants that collectively explain only a 
small portion of the genetic variance of a trait — have 
led to great debate on the cause for this so-called ‘miss-
ing heritability’66. Many candidates have been proposed, 
including epistatic interactions75, gene-by-environment 
interactions76, rare variants77 and structural variants66,78. 
The ability to manipulate the genomes and environ-
ment of mouse studies provides exciting opportunities 
to explore these issues in an attempt to understand the 
causes of missing heritability in human GWASs79. In 
addition, although the focus of this Review has been 
on medical traits, mouse GWASs can be used as tools 
to analyse fundamental biological processes in mam-
mals and to provide insights into general principles of  
development, physiology and evolution in mammals.

Overall, having been driven by the same advances 
that have transformed human genetics in the past several 
years, recent developments in mouse studies have led to 
a proliferation of methods for increasing the mapping 
resolution of GWASs compared to genetic crosses. Using 
these strategies, many groups are rapidly identifying 
regions in the mouse genome that have been implicated 
in complex traits that are relevant to human disease, 
leading to the discovery of additional genes involved 
in human disease. Moreover, the genetic tractability of 
mice provides great potential for functional characteri-
zation of the implicated genes, thus contributing to the  
elucidation of human disease mechanisms.
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